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Radiative and total heat transfer at the flow stagnation point of a 1:40.8 binary
scaled model of the Titan Explorer vehicle were measured in the X3 expansion tube.
Results from the current study illustrated that with the addition of CH4 into a N2
test gas radiative heat transfer could be detected. For a test gas of 5% CH4 and 95%
N2, simulating an atmospheric model for Titanic aerocapture, approximately 4% of the
experimentally measured total stagnation point heat transfer was found to be due to
radiation. This was in comparison to < 1% measured for a test gas of pure nitrogen.
When scaled to the flight vehicle, experimental results indicate a 64% contribution
of radiation (test gas 5% CH4/95% N2). Previous numerical results however have
predicted this contribution to be between 80-92%. Thus, experimental results from the
current study suggest that numerical analyses are over-predicting the radiative heat
transfer on the flight vehicle.
I. Introduction
As a potential follow on to the Cassini/Huygens mission, NASA has investigated the possibility
of aerocapture at Titan,1,2 Saturn’s largest moon. The orbiter, known as the Titan Explorer, will be
captured into orbit by an aerocapture manouver, rather than traditionally used propulsive techniques.1,2
A heatshield design of a 70◦ sphere-cone and biconic afterbody, of similar design to the Mars Smart
Lander,1,2 has been numerically studied to estimate expected heating loads. From these studies, it has
been suggested that peak radiative heating could be as much as five times peak convective heating,1,2
for an entry speed of 6.5km/s and AOA of 16◦ with lift orientated upwards. The significant increase of
the radiative heating on entry into Titan results from the unique atmosphere present there.
Nitrogen, methane, argon and trace hydrocarbon elements form the major constituents of Titan’s
atmosphere. Due to the presence of methane in the atmosphere the strong radiating cynogen (CN)
molecule is formed in the nonequilibrium shock layer. Over 90% of the numerically computed radiative
heat transfer comes from radiation of the CN violet band1 (λ of 340 - 430 nm). The remainder of
the radiative heat transfer is from the CN red band, N2 molecular systems and nitrogen atomic lines.1
Justus et al3 formulated an engineering model atmosphere of Titan that assumed three possible methane
mole fractions of 1%, 3% and 5% corresponding to a maximum, nominal and minimum atmosphere
respectively. From the numerical studies performed it was concluded that peak radiative heating occurs in
the minimum atmosphere.1,2 Depending on the number of species included, kinetics modeling, radiation
code, method of calculating the radiative heat transfer and if the radiation has been coupled to the
flowfield, the value of peak stagnation point radiative heating was calculated to be between 119W/cm2
and 323W/cm21,2, 4 when considering only the CN violet radiating molecule. At the point where radiative
heating is a maximum, convective heating to the stagnation point is reported to be approximately
23− 30W/cm2.1
II. Radiation Gauge Design
For the measurement of radiative heat transfer, temperature sensing elements have to be removed
from direct contact with the flow while allowing for the radiating gas to impinge on the element. This
separation was achieved through the use of appropriate optical windows. Cynogen (CN) which has strong
steradiancy peaks at 357, 386 and 418nm, was identified as the main radiating molecule in the shock layer
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of the flight vehicle.1,2, 4 Thus optical windows with high transmission over the range 350 - 420nm were
required. Borosilicate, which transmits 92% of incident energy for wavelengths between 347 - 2000nm
were used in the radiation gauges. Thickness’ of 2 and 3.2mm were tested. Thin film heat transfer
gauges were used as the temperature sensing elements. These heat flux gauges were manufactured in-
house and consisted of a 1mm long × 0.3mm wide × 0.1µm thick nickel sensing element deposited onto a
cylindrical quartz substrate with diameter 2mm and length 4mm.5 Two thin film heat flux gauges were
mounted into a brass backing plate (figure 1(a)). Care was taken to ensure that the sensing elements were
electrically isolated from the brass holder to minimise electrical noise. All metallic surfaces were painted
in flat black paint to minimise spurious reflections. Thin film gauges (excluding the Ni element) were
also painted with flat black paint so that only the nickel sensing element was exposed. Assembled brass
holders were then inserted into the test model a distance equal to the thickness of the optical window.
The optical window was then positioned into the hole and mounted flush with the model surface. Figure
1(b) illustrates the mounting of the backing plate and optical windows into the test model.
(a) (b)
Figure 1. Schematic of radiation gauges (a) backing plates and (b) installed in model (size largely exag-
gerated)
Heat transfer measured by the thin film temperature sensing elements, (q˙r)measured, was transposed
into a surface heat transfer rate, (q˙r)surface, using equation 1. The view factor, fv, was evaluated by
simplifying the actual radiation gauge geometry to consist of two concentric disks. With this simplifica-
tion, view factors of 5.59×10−3 and 4.01×10−3 were computed for window thickness’ of 2.0 and 3.2mm
respectively. Absorptance of the painted thin film gauges (αtf ) was taken as 0.88. Transmission through






Sample traces of integrated heat transfer from the radiation gauges is given in Figure 2(a). Figure
2(b) indicates that shots performed with a methane/nitrogen test gas (squares) were approximately 6%
faster and recorded higher radiative heating levels than those in a pure nitrogen test gas (triangles).
Average surface radiative and total heat transfer rates of 213kW/m2 and 5.08MW/m2 were measured
by the thin film sensors and thermocouples respectively, for a test gas comprised of 5% CH4 and 95%
N2. Assuming that all incident radiation was absorbed by the thermocouples this indicates 4% of the
total heat transfer to the test model was due to radiation. As there was no spectral analysis performed
during the expansion tube testing, it can not be determined if the radiation measured was primarily due
to the CN[v] band.1,2, 4 For a pure N2 test gas, average radiative and total heat transfer was measured
to be 30.1kW/m2 and 3.61MW/m2 respectively, indicating a < 1% contribution of radiation in the
absence of CH4. A first order analysis of the scaling of radiative heat transfer between ρL scaled models
suggests that as the length scale is altered the absolute level of radiation will remain the same.6 It is
has been assumed in this analysis that radiation is uncoupled or weakly coupled to the flow. Convective
heat transfer however, is known to increase on a binary scale model by a factor equal to the length
scale ls (ls =
Lf
Le
) from a known flight value. A consequence of these two techniques for scaling heat
transfer is that radiation will have a smaller overall contribution on the experimental model. Using the
invariance of radiative heat transfer, numerically predicted flight radiative heat transfer rates have been
included in figure 2(c) for comparison with the experimentally measured values. It is evident from this
figure that the experimental results are substantially below the predicted levels. Compared with the
experimentally measured radiative heat transfer (figure 2(b)), the numerical data is between 7 and 18
times higher (based on the upper and lower limits to the spread of numerical data shown in figure 2(c)).
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This indicates, based on the scaling methods employed, that the numerical analyses are over-predicting
the amount of surface radiative heat transfer to the flight model. However, because of coupling, CFD
would have to be repeated at the length scale of the test model to give a correct comparison. In addition,
at the tunnel condition used in the current study, CH4 in the pre-shock flow has been dissociated as
a result of the high freestream temperature (1500K). The influence of this pre-dissociation on surface
radiative heat transfer needs to be further investigated.
(a)
(b) (c)
Figure 2. (a) Sample heat transfer traces, (b) Stagnation point radiative heat transfer to a 1:40.8 scale
model of the Titan Explorer vehicle with AOA of 16◦ and lift-up and (c) including numerically predicted
radiative heat transfer. Tunnel freestream properties: ps = 1.09kPa, ρ = 2.27g/m3, T = 1500K, M = 7.1
and Ue = 6.25km/s. Flight freestream properties (t=253s): ps = 6.9Pa, ρ = 0.149g/m3, T = 152.7K, M =
22.7 and U∞ = 5.76km/s
Numerical analyses1,2, 4 predicts radiative heat transfer on the flight vehicle contributes between 80%
- 92% to the total heat load. This is reduced to approximately 64% when the experimentally measured
heat transfer rates are transposed to the flight vehicle. Scaling of the experimental data was performed
by subtracting the radiative (213kW/m2) from the total (5.08MW/m2) heat transfer to estimate the
convective component. This convective heating was then divided by the length scale (40.8) to estimate
the flight convective heat transfer. Experimental results suggest that there is 119kW/m2 of convective
heat transfer on the flight vehicle whereas numerical results predict between 230 - 300kW/m2.1,2, 4 Again,
as with the radiative heat transfer results, flight convective heat transfer appears to be over-predicted
by the numerical analyses.
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